Red clover (Trifolium pratense) is rich in phenolic compounds. Both the crude phenolic extract and biochanin A, an isoflavonoid component of the extract, suppress growth of Clostridium sticklandii, a bovine, Gram-positive, ruminal hyper-ammonia producing bacterium (HAB). The purpose of this study was to determine if other components of red clover extract contributed to its anti-HAB activity. Extracts of the Kenland cultivar of red clover, collected 0 h and 24 h after cutting, were separated by normal-phase thin-layer chromatography (TLC) in either ethyl acetate-hexanes (9:1, v/v) or ethyl acetate-methanol (4:1, v/v). Bands on TLC plates were assayed by either overlaying the plates with agar seeded with C. sticklandii, or setting the excised bands face-down onto plates of bacteria-seeded agar. Biochanin A inhibited C. sticklandii growth on TLC plates when as little as 8 nmol was present in the extract. An antimicrobial band, seen in a previous bioassay, was not found, suggesting that this second compound may be more labile than biochanin A.
The phenolic compounds of red clover (Trifolium pratense L.) have been extensively studied because of their varied roles in human [1, 2] , plant [3] , and animal health. In the last area, some red clover isoflavones have adverse effects on reproduction in sheep [4, 5] . However, at least one red clover isoflavone, biochanin A, may promote growth in cattle by decreasing loss of protein nitrogen as ammonia, thus improving assimilation of protein from forages. Both crude red clover phenolic extracts and biochanin A inhibited growth of Clostridium sticklandii SR, a bovine, Gram-positive, ruminal hyper ammonia-producing bacterium, or HAB [6] . Because red clover extracts differing 10-fold in biochanin A concentrations inhibited C. sticklandii, and about 10 peaks were consistently present in high-performance liquid chromatographic (HPLC) separations of extracts [6] , it seemed possible that other red clover phenolics might contribute to the observed anti-HAB activity. The purpose of this study was to test that hypothesis.
Red clover phenolic extracts from plants collected 24 h after cutting ( Figure 1) had an HPLC profile similar to that of red clover collected immediately after cutting: the same peaks were present at both times, as could be ascertained from the minimal shifts in peak retention times (t R ; Table 1 ). However, concentrations of phenolics differed by as much as 15-fold between the 0-h and 24-h sampling periods (Table 1 ). These differences may reflect the changes occurring in tissue over the 24-h wilting period. In dying plant cells, organelle integrity is destroyed, allowing the soluble phenolics (normally in the vacuole) to be exposed to oxidases and hydrolytic enzymes [7] . The 14-fold decrease in phaselic acid content between 0 and 24 h ( Table 1 ) may indicate oxidation by polyphenol oxidase (PPO) [8] . The decreases in glucoside malonates of formononetin and biochanin A (FGM and BGM) may indicate that they were hydrolyzed to aglycones during the 24-h wilting period, given the 9-to 15-fold increases, respectively, in formononetin and biochanin A ( Table 1 ). Such reactions have been found to occur readily in damaged clover tissue, due to endogenous glucosidases [9] . Table 1 : Quantification of compounds a-i (see Figure 1 ) in crude extracts of red clover tissue collected 0 and 24 h after cutting. Amounts are means ± average absolute deviations of duplicate extractions. Mean retention times are the averages of the four injections (two per timepoint). Figure 2B ) and in a zone from R f =0 to R f =0.029 in EtOAc-hexanes (9:1, v/v). The 7-Oglucosides of formononetin and biochanin A (ononin and sissotrin, respectively) migrated to an R f of 0.37-0.43 in EtOAc-MeOH (4:1, v/v; zone 3 on Figure 2B ), although small amounts were detected in eluates from the most polar zone. In EtOAc-hexanes (9:1, v/v), ononin and sissotrin were at highest concentrations in the zone with NPC Natural Product Communications 2012 Vol. 7 No. 12 1605 -1608 an R f value of 0-0.029, although small amounts were found in a zone with an R f value of 0.08-0.31. Other compounds also were eluted from more than one zone: biochanin A (R f =0.67) and formononetin (R f =0.63), which formed somewhat diffuse bands in EtOAc-MeOH (4:1, v/v; zone 1 on Figure 2B ), formed distinct, well-resolved bands in EtOAc-hexanes (9:1, v/v), with R f values at 0.48 and 0.44, respectively. However, both were present in eluates expected to contain only one or the other. This result suggests that even on a 0.2-mm layer of silica, compounds may diffuse beyond the zone immediately detectable under UV light. Table 2 : Amounts of compounds a-i (see Figure 1 ) on bioassayed TLC plates, based on concentrations determined in crude extracts (Table 1) . The only TLC plate zones consistently eliciting an antimicrobial response ( Figure 2C ) were those containing biochanin A, found in zone 1 on Figure 2B . HPLC quantification of peaks in unseparated extracts indicated that antimicrobial zones were formed in response to 7.5-75 nmol biochanin A ( Table 2 ). HPLC analysis of most eluates encompassing all or part of this zone revealed three peaks with retention times of 49.4, 50.4, and 53.2 min, respectively (data not shown). Because these peaks represented 2% to 11% of the biochanin A concentrations, their potential role in bacterial inhibition seemed unlikely. The peak at 49.4 min had a t R very similar to that of genistein, an isoflavone of red clover [10] , but 20 nmol genistein had no effect on C. sticklandii growth (data not shown). Formononetin, which was poorly resolved from biochanin A in the TLC plate bioassayed in Figure 2C , had been found previously to lack activity against C. sticklandii [6] .
In bioassays of the TLC plate shown in Figure 2B , zone 2 also elicited a small zone of inhibition, which was not consistently present, even in extracts of tissue in which it had been observed previously [6] (data not shown). This second antimicrobial zone may have been due to the presence of an unstable compound, or to diffusion of biochanin A into that zone, as mentioned previously.
Despite high concentrations of conjugates of caffeic acid, formononetin and biochanin A ( Table 1) , none of these inhibited C. sticklandii. One of the reasons for using EtOAc-MeOH (4:1, v/v) as a TLC solvent was to see if slightly separating the most polar compounds might reveal an active compound previously masked by high concentrations of co-eluting compounds. Incubation of bands face-down onto agar was expected to maximize diffusion of compounds into the medium. The lack of observed activity indicates that C. sticklandii may be relatively insensitive to glycosylated phenolics. The antimicrobial properties of isoflavones are generally associated with aglycones instead of glycosides [11] , and the same may be true of other phenolics as well.
In summary, the activity of red clover phenolic extracts against C. sticklandii may be due almost entirely to biochanin A, with occasional contributions from less stable compounds. The fact that biochanin A was active over a 10-fold range of concentrations indicates that it could account entirely for the activity against C. sticklandii observed in this study and in previous work [6] . This conclusion is in contrast with effects of biochanin A on other bacteria. Biochanin A inhibited the efflux of ethidium bromide from Mycobacterium smegmatis, which indicates inhibition of one or more drug-efflux pumps [12] . This latter result leads to the hypothesis that biochanin A potentiates the antimicrobial activity of other drugs, and does not necessarily have antimicrobial activity in the absence of other inhibitors. However, it is important to note that mycobacteria and clostridia have distinctly different cell envelopes. Recent research demonstrates that different Gram-positive bacteria, including clostridia, are sensitive to biochanin A, even when other inhibitors are not present [2, 13] .
Our results support the conclusions of these latter research groups, and indicate that biochanin A has an additional mechanism of action against Firmicutes that have the classical Gram-positive cell envelope, such as clostridia.
Experimental
Plant material: Seed from the Kenland cultivar of red clover, an older cultivar that is still grown widely in Kentucky [14] , was planted on April 16, 2004 Red clover phenolic TLC and bioactivity Natural Product Communications Vol. 7 (12) 2012 1607 stubble on July 13, 2004 . Plants used in the hydrolysis studies described below (part of a separate study in preparation) were cut on September 20, 2004. Some leaves and stems were put on dry ice immediately in order to assess the phenolic profiles at the time of harvest. Other plants were collected 24 h after harvest, in order to assess changes in the phenolic profiles during wilting. All samples were transported on dry ice to freezer storage (-20°C). Frozen material was lyophilized (Model DX48SA freeze-dryer, Botanique Preservation Equipment, Peoria, AZ, USA) and ground to pass a 1mm mesh (Wiley mill, Thomas Scientific, Swedesboro, NJ, USA).
Reagents and chemicals:
Biochanin A, formononetin, sissotrin (biochanin A 7-O-glucoside), ononin (formononetin 7-Oglucoside), and genistein were purchased from Indofine Chemical Company (Hillsboro, NJ, USA). Clovamide (caffeoyl-3-hydroxy-L-tyrosine) was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Phaselic acid (caffeoyl malic acid) and pcoumaroyl malic acid were generously provided by Drs Wayne Zeller and Paul Schatz (USDA-ARS Dairy Forage Research Center, Madison, WI, USA). The synthesis of phaselic acid has been described by Zeller [15] , and the synthesis of p-coumaroyl malate by Sullivan and Zarnowski [8] . Tetrazolium red and ethyl ether (Et 2 O) were purchased from Sigma-Aldrich. Ethyl acetate (EtOAc), acetic acid (HOAc), and hydrochloric acid (HCl) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Methanol was purchased from EMD Chemicals (Gibbstown, NJ, USA).
Phenolic extractions:
The extractions were made as described by Kagan [16] , with the following changes. After filtration of 6.5 mL of extract (in MeOH-HOAc-water 60:0.35:40), all filtrates were diluted with an equal volume of water and acidified to pH 1-2 with 3 M HCl before being partitioned with 3 × 0. Separations were monitored with a singlewavelength detector at 260 or 300 nm (the absorbance maxima of most eluates). For quantification, separations were monitored at 270 nm, the wavelength used for standard curves in concurrent work. Peaks whose spectra resembled those of phenolic acids (maxima at ~260 and ~300 nm) were quantified as equivalents of caffeic acid, and peaks whose spectra resembled those of isoflavones (maximum at 260 nm) were quantified as equivalents of biochanin A. Peak spectra in T. pratense extracts had been obtained previously with a photodiode array detector [16] .
Compound identification: Phaselic acid, p-coumaroyl malate, clovamide, ononin, sissotrin, formononetin, and biochanin A were identified by spiking red clover extracts with standards and looking for increases in the corresponding peaks. The glucoside malonates of formononetin and biochanin A were identified by a mild hydrolysis patterned after the method of de Rijke et al. [17] . Extracts, diluted five-fold (0.7 mL volume; 60% MeOH in 0.35% acetic acid), were heated for 75 min at 80-87°C before HPLC 
